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INTRODUCTION 

Polynuclear aromatic hydrocarbons generally form charge-transfer 

complexes with halogens. Some of the fused aromatic hydrocarbons, e.g., 

perylene, violanthrene, yield solid complexes exhibiting extremely good 

semiconduction ( l , 2 ,3 )  while others, e.g., coronene, show only fair to 

poor semiconduction (4). 

containing polymers have been investigated for possible differences in 

A number of charge-transfer complexes of aromatic 

electrical properties (5,6,30). 

A polymeric dielectric may be converted to a polymeric semi- 

conductor by increasing the aromaticity of the insulator, followed by 

complex formation with a halogen (7,8). The increase in aromaticity can 

be effected by radiation--e.g., cyclization of polyethylene and followed 

by dehydrogenation (7); or by heat--e. g., pyrolysis or graphitization to 

a pyropolymer (8). 

a wide range of interesting electrical properties. 

lhe resulting products when treated with iodine exhibit 

From a structural standpoint asphaltenes (9) are considered to 

consist of two-dimensioned fabrics of condensed aromatic rings, intermingled 

with short aliphatic chains and fused naphthenic ring systems (10). 

diffraction (11,12) and ESR investigations (13) have indicated that these 

aromatic oyotemo tend to form otacko of graphite-like lryrro rurroundrd 

X-ray 

by a disorganized zig-zag chain structure of saturated carbons. 

they may 

Morphologically 

be considered a s  a highly associated "multipolymer" (14), the 
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uiolecular weight of which can vary from a few thousand ( u n i t  o r  p a r t i c l e  

weight)  t o  a few m i l l i o n  (mice l le  weight)  (IS). 

roughly 15; i n  d iameter ,  a r e  considcred t o  b e  pericondensed ( ~ 3 , i B ) .  

The aromatic  c e n t e r s ,  

It 

has been demonstrated t h a t  a s p h a l t i c s  can form c h a r g e - t r a n s f e r  complexes, 

due t o  the presence of such aromatic  systems (20). 

Most polynuclear  a romat ic  compounds form w e l l  def ined  c r y s t a l s ,  

I 

the  iodine complexes of  which a r e  s t a b l e  and s t o i c h i o m e t r i c  i n  composition. 

Asphal t ics  a r e  mesomorphic (17) owing t o  the  raridom d i s t r i b u t i o n  and i s o -  

t r o p i c  o r i e n t a t i o n  o f  t h e  s t r u c t u r a l  u n i t s ,  and i t  i s  t o  be a n t i c i p a t e d ,  

therefore ,  t h a t  t h e  conduct ion mechanism w i l l  be  d i f f e r e n t  from t h a t  of 

the c r y s t a l l i n e  environment (due t o  d i f f u s i o n  and phonon processes)  (16). 1 \. Since t h e r e  i s  a d i f f e r e n c e  i n  the  conduct ion mechanism between c r y s t a l l i n e  

and amorphous a romat ics ,  one would l i k e  t o  know whether t h e  mesomorphic 

n a t u r e  of a s p h a l t i c s  would r e t a r d  or i n h i b i t  t h e  c o n d u c t i v i t y ,  and i f  so )I 

t o  what e x t e n t .  I 
r 

The aims of t h i s  r e s e a r c h  were two-fold. The f i r s t  was simply 

t o  observe where a s p h a l t e n e s  f a l l  i n  t h e  c o n d u c t i v i t y  range and t o  

determine t h e  e x t e n t  t o  which c o n d u c t i v i t y  can  be enhanced by iod ine  com- 

p lex  formation. The second was a more g e n e r a l  s tudy  of t h e  e l e c t r i c a l  

p r o p e r t i e s  of a s p h a l t i c s  as another  approach t o  a b e t t e r  understanding 

of t h e i r  s t r u c t u r e .  To t h e  a u t h o r s '  b e s t  knowledge, t h e r e  i s  no publ ished 

work on the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t h e s e  materials. Iodine  may 

be v i s u a l i z e d  as a t r a c e r  o r  i n d i c a t o r  f o r  condensed aromatic  systems, 

even when bur ied  i n  a m a t r i x  of p a r a f f i n i c  o r  c y c l o p a r a f f i n i c  m a t e r i a l .  

It was thought, t h e r e f o r e ,  t h a t  iod ine  complex formation and i t s  e f f e c t  

. 
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on the ovcrall electrical properties of the asphaltene might yield inde- 

pendent information of the size anti distribution of the aromatic centers 

in these multipolymers. 
I 

ESPERIPfEhTAL 

Res 1 stance Eka sur cment s 

A General Radio type-1230b electrometer was used for specimens 

with resistance less than 1012 ohms (ambient ,temperature), and a Cary 

model 31 electrometer was used for specimens of higher resistance. In 

each case a glass vessel equipped with a ball joint and appropriate 

e1ec:rostatic snielding was coupled to the head of the electrometer (Fig. 1). 

specimen (approximately 1 x 0.5 x 0.1 cm) was pelleted with a Beckman KBr 

Each 

press at 7.09 x lo3 kg/cm2 between two pieces of 52 mesh platinum screen. 

The pellet was degassed for eight hours and the electrical measurements 

made in a vacuum of 5 x Torr. Using the high resistance leak method, 

a standard resistor served as calibrating reference (21); data were taken 

under conditions of both falling and rising temperature, a minimum of 30 

minutes being allowed for equilibration at 10" levels. Upon completion 

of the temperature dependence measurements, the physical dimensions of 

the specimen b l o c k  were obtained with a travelling microscope (1OX) with 

an x,y micrometer attachment (0.0001 cm precision). 

Preparation of Sample 

The asphaltene sample was prepared by our standard procedure ( 9 ) .  

Two native asphaltenes were investigated, one from the Boscan crude oil 

from Venezuela (Sample VY), the other from the Baxterville crude from 



Xississippi (Sample GS). 

individual asphaltenes were made up in fixed concentration and samples 

of varied composition prepared by mixing appropriate quantities o f  these 

stock solutions at room temperature and lyophylizing at reduced pressure 

Stock solutions in benzene of iodine and of the 

I 

to yield powdered solids with a homogeneous iodine distribution. These 

samTles were analyzed before and after the electrical measurements for 

$1 by ignition in oxygen, reduction with hydrazine sulfate, and poteniometric , 
titration of the resulting iodide with &NO3 using a Beckman model K 

automatic titrator. Usually there was no observable loss of free iodine 

during electrical measurements; lO-l5$ loss of iodine was found after 

degassing. The iodine values used in the present work are those values 

obtained after completion of the electrical measurements for the entire 

specimen. 

\ 

< 

\ 
\. 
V 

Treatment of Data 

The resistance values along with the corresponding temperature 

data and dimensions of the specimen were key punched on IEiM cards and 

evaluated on an IBM 7090-1401 digital computer system. Given A, the area 

of the cross section, and L, the Length of the specimen, the resistivity, 

\ 

4 

p, can be evaluated from the resistance, R, as follows: 

temperature dependence of the resistivity is then evaluated by the relation- 

p = AR/L. The 
< 

ship: 4 
PT = 00 exp (+kT), i 

where k is Boltzman's constant, E is the energy gap in eV and po is the 

resistivity extrapolated to ,$ = 0. 

30-in. plotter (300 steps; l/5OO-in. per step) the temperature dependence 

data were fitted to straight lines (F ig .  2) as given by the equation 

By use of a California Computer Products % 
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3' 

I 

/ 

3 

2 b 

t 

V 

log p = log pJ-€E/(2kT In 10) 

From the digital output, p250c and E can be obtained. 

was limited to values under LO V; in this region Ohm's law was followed. 

The temperature range examined was from ambient to 90°C. 

The applied voltage 
I 

There is error involved in any single measurement of resistance, 

owing to systematic errors in the electrometer; errors also enter in the 

measurement of the dimensions of the specimen. That the results were not 

influenced by such systematic errors is evident from the two sets of data 

for two different preparations of an asphaltene (VY)-iodine complex, as 

given in Table I. The uncertainties in the per cent iodine and sample 

size may be judged from the variations in the independent measurements. 

Despite these variations, the resistivity at 2 5 O C  and the energy gap are 

within ca. 5% of the mean values. 

Infrared Analysis 

Differential IR spectra were obtained from a scan of an iodine- 

containing asphaltene versus a reference asphaltene at equal asphaltene 

concentration in CSg (the iodine-containing sample is normalized to lo@$ 

asphaltene for purposes of comparison) using a Beckman IR-12 instrument. 

A control scan of asphaltene in CS2 solution against itself a l s o  was made 

for each sample. 

X-ray Diffraction 

A Norelco x-ray diffractometer equipped with a CuxGL radiation 

source and a geiger tube detector was used to study the asphaltene-iodine 

system. In order t o  record the shift of the d-spacing due only to change 

in mass absorption coefficients, adamantane was added to an asphaltene- 

iodine complex (24% I) and t o  the original asphaltene. 

(260) reflections due to the adamantane mixed with the VY asphaltene were 

Strong (111) and 
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found at 5.7 and 4.9& for the W asphaltene-iodine complex shifts were 

observed to 5.5 and 4.7A, respectively. The spacing is reproducible t o  
I 

9. a i .  

Eleztron S?in Resonance 

ESR spectra were taken with a Varian V-4502 x-brand EPR spectrometer 

system in conjunction with a 12-inch magnet and a "Fieldial." 

intenslty observed was used as a guide for the spin concentration of the 

asphaltene (VY)-iodine complexes and native asphaltene (VY) (13). 

The relative 

RESULTS 

A l l  asphaltene-iodine samples studied gave repeatable linear 

relations in the temperature range investigated as shown in Fig. 2. 

is no significant deviation from Ohm's law through the range 2.5 to 97 V 

as indicated by Fig. 3 in the temperature interval 313" to 372"K. 

There 

The native asphaltenes (Points 1, Fig. 4) fall generally in the 

insulator range. 

- b, then increases sharply, to c, and finally drops, 5 to a, as iodine 
content rises. Both complexes appear to yield curves of similar shape. 

Upon the addition of iodine the resistivity f;Lls, 5 to 

The gap energy values for the asphaltene-iodine complexes are plotted 

versus their iodine contents (Fig. 5). . The smallest energy gap measured 

in each case was -Q.5eVf but the absolute minimum is uncertain, These 

minima (points b) correspond to the sharp transitions of resistivity shown 

in Fig. 4.. 

Scanning in the far IR region revealed no C-I stretching frequencies 

for those iodine complexes for which 0 was determined. However, the dif- 

ferential IR measured in the 7OO-l2OO cm-1 did show an additional band at 
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. .  
10E.G ~ r , ~ - l  {i;ig. 6) , and f r e s h l y  ;,rc,,ar'cd asi 'i~alecl-ic-iodine cosplexes i n  

CSz a l s o  c s i i i b i t ed  a n  enhanccmcnr i n  abso rp r ion  'in t h e  regiofi  of lOC0 t o  

11 jO cn-1, w:IicIi i s  g e n e r a l l y  ascl-iilcu t o  complex iormation.  

Tile x - r a y  spectrograms i n  rile region 20 = 2 - 42" of t h e  asphal tene '  

(mi ) - iod ine  ' s y s t c a  y i e l d e d  i n  aiiior;),ious p a t t e r n  with broad halos a s  shown 

i n  X g .  7. 

t h e  j .  j i  b a n d . s t i l 1  appeared a s  ii siioulder.  

was fornad a t  a;oound 8.7a. 

band. has a p p a r e n t l y  disappeared and the  8.7x band became c l e a r l y  v i s i b l e .  

l i i s rc  i s  a gene ra l  o v e r a l l  dec rease  of  t o t a l  i n t e n s i t y  a s  $1 i n c r e a s e s  

s i n c e  the  i o d i n e  i t s e l f  absorbs an i n c r e a s i n g l y  l a r g e  f r a c t i o n  o f  t h e  

d i f f r a c t e d  x-rays.  

i n t e n s i t y  r e d u c t i o n  has  made t h e  disappearance o f  t h e  3.51 shou lde r  d i f -  

. .  
For samples with an iodinc content  of l e s s  t i a n  5 p e r  cen t ,  

I n  t h c  meantime a new band 
' 

AT b i g h e r ' i o d i n e  conhenis (>IO$), t h e  3.5i  
" 

". 

.. . 
I n  t h e  p re sen t  case,  t h e  no i se  Level coupled with t h e  

f i c u l t  K O  d e t e c t .  

I n  gcnera1, the . .  ESR,spectra  ob ta ined  f r o q t h e  a spha l t ene - iod ine  

samples i n d i c a t e d  a n  incre ,ase  i n  f r e e  r a d i c a l  concen t r a t ion  with increase 

- i n  iod ine  con ten t .  The i n c r e a s e  i n  r e l a c i v e  i n t e n s i t y  f o r  an a spha l t ene  

( W j - i o d i n e  complex , . conta in ing  2@ I ove r  t h e  corresponding n a t i v e  a spha l -  

t e n e s  i s  about  3.8 fo ld .  
. .  

DISCUSSIOX' 

I n  a l l  t h e  samples s t u d i e d ,  i nc lud ing  b o t h . n a t i v e  asphalcenes 

and t h e i r  iodine.  adducts ,  a nega t ive  temperature  c o e f f i c i e n t  o f  r e s i s t i v i t y  

w a s  ob ta ined .  

by t h e  p l o t s  shown.in Fig.  2: 

t h e  concen t r a t ion  of t h e  charge c a r r i e r s  (ho le s  and e l e c t r o n s ) ,  bu t  t he  

The l i n e a r i t y  of log  D v s .  r e c i p r o c a l  T .is s u b s t a n t i a t e d  

The r e s i s t i v i t y  is i n v e r s e l y  r e l a t e d  t o  

f a c t  t h a t  t h e  number of c h a r g e - c a r r i e r s  i n c r e a s e s  exponen t i a l ly  w i t h  tempera- 

t u r e  does n o t  enable  a cho ice  t o  be made between e l e c t r o n i c  o r  i o n i c  conduct ion 
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mechanisms. However, t h e  vol tade  dependence f o r  the  c u r r e n t  a t  a r e l a t i v e l y  

low e l e c t r i c  f i e l d  is l i n e a r ,  i n d i c a t i n g  t h a t  Ohm's law is v a l i d  (Fig.  3 ) .  

This  adherence to Ohm's law suppor ts  t h e  b e l i e f  t h a t  t h e  conduct ion i s  

e l e c t r o n i c  (19). 

I 

The f a c t  t h a t  t h e  asphal tene- iodine  sample e x h i b i t s  (Fig. 6 )  

s t r o n g  enhancement of a b s o r p t i o n  near  1080 crn'l sugges ts  t h a t  an iodine  

molecule  forms a donor-acceptor  complex with t h e  aromatic  p o r t i o n  of t h e  

asphal tenes .  It i s  known t h a t  t h e  iod ine  molecule forms such a charge- 

t r a n s f e r  complex wi th  benzene and o t h e r  a l k y l a t e d  benzenes, and t h a t  

t h e s e  complexes, i n  g e n e r a l ,  e x h i b i t  bands from 9 9  cm'l to 1200 cm'l 

(24,25). 

t h e  a x i a l  model (model A of Mull iken)  while  t h e  acceptor  molecule  i s  s i t t i n g  

Arguing from analogy,  i t  is p l a u s i b l e  t h a t  t h e  complex assumes 

perpendicular  t o  t h e  p lane .  of t h e  aromatics  (26). 

to '  l o c a t e  any C - I  s t r e t c h i n g  f requencies  i n  t h e  400-600 cm-1 reg ion  sup- 

Fur ther ,  our  f a i l u r e  

p o r t s  t h e  view t h a t  i o d i n a t i o n  of t h e  asphal tene  samples d i d  not  occur'. 

Xost c h a r g e - t r a n s f e r  complexes of i o d i n e  with a romat ics  are 

c r y s t a l l i n e .  

which x-ray d i f f r a c t i o n  i n d i c a t e s  t o  be amorphous (2).  

X-ray r e s u l t s  a l s o  ind ic 'a te  a low degree of order  f o r  t h e  asphal tene-  

An except ion  t o  t h i s  i s  t h e  v i o l a n t h r e n e - i o d i n e  system, 

i o d i n e  Complexes. I f  t h e  acceptors  (I2) a r e  homogeneously d i s t r i b u t e d  i n  

t h e  hos t  mat r ix  ( a s p h a l t e n e ) ,  t h e s e  systems may be considered analogous 

t o  t h e  impuri ty  or va lence-cont ro l led  semiconductor systems. Disappearance 

of t h e  3 . 5 i  spac ing  of  t h e  (002) band means t h a t  t h e  layered  s t r u c t u r e  of 

a s p h a l t e n e  m u s t  have been a l t e r e d  (Fig. 7). 

s a t u r a t e d  carbon i n  the s t r u c t u r e ,  d i d  n o t  change i n  t h e  complexing process .  

The 4.68, y-band, due t o  t h e  
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:"ne ~ C I J  hznd A: S . ? h  thcn nay bo i u c  to t h e  cx;>ansion of the zironatic 

d 
:- / 
I 

i' 

I 

intcrplsnzr. distazia to aliow for coir,plexing by the iodine no;ecule. 

thc case of  the ;>eryicnc-iodinc s y s t c n s ,  Liie spacing found at 10.7A was 

interpreced ( 3 )  a s  the distance bctwecn perylene moleculcs when iodine 

moiccnlcs  were sandwiched between tiic aromatic layers. The present ob- 

served value o f  &.?A can be viewed as the sua of the intcrplanar distance 

In 
0 

(5.5.:) and the iodine length '(4 x l.j$). 

linked layers resembles that o i  an intercalation compound of graphite 

Tile picture of these inter- 
. .  

(Fig. 6). 

Beferring again to Fig. 4, the room temperature resistivities for 

the t w o  nztive asphaltenes are seen t o  be in tne insulator range (>lo14 Ohm). 

Upon addition of the iodine, the resistivity decreases about six decades 

or a niLlion fold. This is essentially the same behavior as that observed 

for  polymeric charge-transfer complexes such as poly(viny1pyridium TCNQ) 

ar.6 i t s  derivatives. 

centration wnicn at best increases the conductivity six decades. Here 

These polymeric salts are dependent upon the TCNQ con- 

!lave to point out that it is not easy to prepare a polymeric charge- 

Slough (5) nade a number of rransfer complex with good semiconduction. 

polymeric complexes.from arosatic-containing polymers, with acceptors such 

G S  cetracyanoechylene, chloranil, etc., and found the conductivities of 

these conplexes were not measurably higher than those of the original poly- 

meric donors. 

systems needed to open a path for charge carriers. 

These mesomorphic materials may lack the order of the K -  

More likely, the 

aroGtic systems are too small to form stable charge-transfer complexes. 



For pure polynuclcar arom.i;ic hydrocarbons, donor-acceptor 

Irlescs, cxpccially the iodine coinpicscs (2,3), exhibit increases in 
I ,  

com- 

con- 
I 

ductivity of 12 to 16 decadcs when compared to the parent hydrocarbon. 

The enhancement in conduction by the addition of iodine can be illustrated 

by comparison of  the complexes with a valence controlled semiconductor, a typical 

esample being nickel (11) oxide doped with lithium oxide (22). 

parison is made between this system and the aromatic-iodine complexes. The 

trends in resistivity with the concentration of impurity are quite similar. 

\ , 
In Fig. 9 a com- 

\ 

- Asphaltenes contain fused ring aromatics, the peripheral hydrogens 

\ 
\ 

of which are substituted heavily by short chain alkyl groups (23). 

to the relatively large porportion of methyl groups (20$) and the large 

average layer diameters (La - 1$), the asphaltic molecule can be viewed 

as a typical aromatic donor ( D ) ;  halogens such as iodine can behave as an 

Owing 

a 
~ 

7 

acceptor ( A ) .  

orbitals of the two moieties, the dative structure (D'A') should result 

Through charge-transfer by overlapping of the molecular I 
! 

in which asphaltene is the positive ion. \ , 
Fig. 4 clearly indicates that the increase of conductivity follows 

two different paths, the first 5 to b, is the path followed for small in- < 
crements of iodine, terminating at k with fixed composition (VY, 15.5%; 

GS, lo.&); the other, c to rl, is for higher percentages of iodine. 

Line & represents the 

1 

transition state. The curve &may be extrapolated 1 
to a resistivity value of 5.8 x 106 ohm-cm, corresponding to that for pure 

1 

12 (27)'. The same results 

a minimum corresponding to 

complex. Apparently in 

were found (23) for violanthrene-iodine system with 

a 2 : l  iodine-violanthrene molar ratio for the 

Fig. 4 corresponds to a stoichiometric ratio of 
a 

\ 
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a stable complex where conductivity is at a maximum. 

for iodinc contents less than that corresponding to the minimum the amount is 

insuiiisicnt to form the complex. At tile resistivity is highly sensitive 

It is assumed that 

I 

to the number of iodinc molecules. When c is passed, excess iodine acts 
(is (in impurity in the stoichiornctric complex. 

reflecccd by the energy gap plot in Fig. 5. The same fixed composition 

(VY, 15.5';;; GS, 10.W;) is obtained in cither plot. 

the energy gap value is ca. 0.5cV suggesting favorable condicions for  

conduction. 

The transition at a is also 

At these minima, 

A number of aromatic-iodine complexes have been reported (2,3) 

and from their phase diagrams (either temperature or density vs. mole 

per cent of iodine) the complexes are found to be stoichiomecric (29).  

For example perylene-iodine can have 2 : 3  or l:3; pyranthrene-iodine i s  

1:2; violanthrene-iodine is 1:2; pyrene-iodine is 1:2. In all cases for 

peri-type aromatics the ratio of 12 to aromatic is higher than unity. 

Since the diameter of the aromatic system in asphaltics falls in the 

range 8-l$ (12), the system would be comparable in size to violanthrene 

or perylene. 

Assuming the composition at the transition '(q 15.5%; GS, lo.@) 
is stoichiometric, then for any given ratio of aromatic and iodine, 

the molecular weight of the asphaltene can be calculated. We have taken 

the liberty of calculating this weight for W and GS asphaltenes based 

on sample ratios of  1a:asphaltene of 2:1, 3:2 and 1:l. Since all layers 

contain the aromatic moieties and the sample is free of wax contamination, 

the molecular weight obtained is that of the unit sheet weight (weight of an 

average sheet containing both aromatic and saturated carbon atoms). These 



values are listed in Table 11. Next, provided aromaticity is also known 

(fa for W, 0.35; for GS, O.5l), the disk weight (weight of aromatic 

carbon atoms in a single sheet) and the layer diameter also dan'be approxi- 

mated. These values are also listed in Table 11. Experimental values 

for the W and GS asphaltenes from a previous paper (15) are included: It i 
is of interest that the unit weight values obtained from GPC, mass spectrometry, 

x-ray diffraction and the electron microscopic measurements agree in general 

magnitude with the weights obtained by the present method. 

disk weight of GS calculated from resistivity from that obtained by mass 

\ 

Deviations of the 

spectrometry may by due to the polydispersity of the GS asphaltene (e.g., 

Mw/MN for VY is 1.27; for GS, 1.74 (15)). i 
\\ From Table 11, the asphaltene-iodine complexes formed appear to 

correspond to an 12:asphaltene ratio of about l .5 : l .  This composition is 

shown in model A of Fig. 8. 
J 

Actually aromatic disks of the size present 

in asphaltenes should be able to accomodate more than one molecule of iodine. 

\ 

i 

Finally the increase in the free spins, as demonstrated by the 

EPR spectra, may be indicative of an increase in carrier concentration (2). 

The nature of these charge carriers will have a strong bearing on the 

conduction mechanism and will be the subject of a separate investigation. . < 

7 
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925°C. x lO"2 
Sn.:>Lc SL>." "Iodine  ..\ (cm)  I. (cm) OLlrn-cn E (CVY 

' /  

/ 25 16.6 1.266.L 0.1053 1.61, 1.825 

27 17.2 1.2592 0.1192 1.773 2. 007 

23 i7.1 1.252, 0.0994 1.75c 1.742 

(a )  Sane n a m e r s  used i n  curves 9 5  Fig. 4; Sample Nos. 2j, 25, and 27 are from 
\ one ?reparatLon;  Sample Nos. 24, 28, and 29 are  f r o s  an-  
d o t h e r  p r e p a r a t i o n .  
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1 R e s i s t i v i t y  C z l c u l a t i o n  

2: 1 
j : 2  
1: i 

27?Od k570 %9e 2330 1k.6f 22.6 
2080 34jO 727 1750 12.6 19.5, 
1360 2290 484 1170 10.3 16.0 

? x-ray DL f f r s c t  ionh 

- - - 11.9 17.0 (La) 

E 1 ec t ron X i  cros  cope" J - ~ .- 
( P a r t i c l e  weight)  3440 LO30 - - - - 

(a) Weight 0; a s i n g l e  s h e e t  conta in ing  both  aromatic  and s a t u r a t e d  carbon atoms 
(see 2. P. Dickie  and T. F. Yen, A. C. S. , Div. Petroleum 
C'nem. , P r e p r i n t s ,  M i a m i  meeting, A p r i l ,  1967). 

L 
( b )  Weight of a romat ic  carbon atoms i n  a s i n g l e  s h e e t .  

( c )  Diameter of a r o n a t i c  c l u s t e r ;  s e e  T. F. Yen, J. G. Erdman, and S. S. Pol lack,  
Anal. Chem. , u, 1587 (1961). -. 

(d )  Calcula ted  based on 254t'lR (LOO-t ;  where R i s  t h e  r a t i o  of 12 t o  asphal tene  
ana t i s  t h e  %I corresponding t o  t h e  t r a n s i t i o n  i n  r e s i s t i v i t y  and 
gap energy.  

\ 
( e )  Calcula ted  from fa  x ( u n i t  weight) .  

(f) La = (2.62 CA);/', CA from d i s k  vcight without  c o n t r i b u t i o n  o f  hydrogens. 

( g )  From p e l  permest ion chromatography d a t a  on t h e  n a t i v e  asphal tene ,  number average 

( h )  Expcrio.cn:ai d c t ;  from J. P. Dickie  and T. F. Yen, A. C. S., Div. Petrolen= 

r d i e c u l a r  weight .  1, 

C:ics. , P r e p r i n t s ,  Miami rr,eet;ng, A p r i l ,  1967. , 

( i )  J. P. DLciiic ar.d T. F. Yen. A .  C. S., D i v .  Petroleum Cilem., P r e p r i n t s ,  
11, 39 (1%6). 

, 
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